Experimental test results are presented for 15 prestressed concrete members with unbonded tendons, utilizing two shapes of cross sections. Ribbed cross sectional shape was used for beams tested as indeterminate two-span continuous members and as determinate double cantilever members simulating the negative moment region of multiple span members. An I-shaped section was used for eight simply supported beams, four of which were simple beams with an overhang on one end. Web reinforcement was used for only four of the 15 beams tested.
INTRODUCTION
The topic of this experimental study is but one example of a situation where the "art" of prestressed concrete has somewhat preceded the basic "science". All 15 prestressed concrete beams tested in this investi-°A gation at The University of Texas were post-tensioned with the stressed tendons being left unbonded. In addition to the unbonded prestressing tendons, all beams also contained bonded, unstressed steel reinforcement. This particular combination of prestressing and bonded reinforcement is being used rather extensively in con-struction; but the research information behind design assumptions for this structural system is extremely sparse when compared with the large volume of tests reported on fully bonded members.
There does exist a fundamental difference in the behavior under load of a beam containing bonded prestressing tendons and one that contains unbonded tendons. For purposes of this paper, the term "tendon" may apply equally well to prestressing elements composed of wires, strands, or bars. The tendons for all of the tests reported here were composed of four 1/4-in, diameter wires.
In a beam that contains bonded tendons the strain that exists at any point in a tendon is a function of the initial tendon strain and the external moment carried by the beam at the section in question. Thus, for bonded tendons the maximum tendon stress will occur at the point of maximum external moment. The changes in strain occurring in the concrete at the level of the prestressing tendons for bonded beams may be assumed also to occur in the tendons.
The change in strain in an unbonded tendon is a function of the external moment at all points along the beam. Any changes in force occurring along the length of the tendon must be due to friction forces which develop. The limiting case for an unbonded beam would be that of no friction forces, with the result that tendon stress over the entire length between anchorages would be uniform. Slip between the tendon and the concrete tends to reduce the tendon stress, compared with what one might observe in a bonded member at the point of maximum moment. The force distribution is governed by the initial tendon stress, applied loading, tendon profile, and coefficients of friction.
For identical conditions with the only variable being the bonded or unbonded tendon, the difference in response to load can be quite noticeable. The beam with the bonded tendon will develop many small cracks spaced close together while the beam with only the unbonded tendon will tend to develop a few large cracks in the vicinity of points where maximum moments occur.
Since beams containing unbonded tendons are known to develop some rather wide cracks, which may be undesirable, the addition of unstressed reinforcement can be used to help control this cracking. Actually, the addition of unstressed bonded reinforcement serves two main purposes. First, the additional reinforcement tends to distribute the cracks, making the beam crack much like a beam containing bonded tendons. Second, the additional unstressed reinforcement contributes to the ultimate moment capacity of the section.
From the standpoint of design for flexure, the 1963 ACI Building Code is careful to distinguish between beams containing bonded tendons and those containing unbonded tendons. It is interesting to note, however, that no similar distinction exists when design for shear is being considered. The key assumptions made by the ACI Code in ultimate strength design for flexure and shear of prestressed concrete beams are summarized in Table I .
One major objective of the series of tests reported in this paper was to examine the validity of the current ACI Code in predicting the strength of beams having unbonded tendons. Predictions for both flexural and shear strength by ACI Code expressions were compared with those observed in the laboratory tests. The distribution of cracking and additional strength accomplished by the use of bonded unstressed reinforcement was also of major interest in these tests.
DESCRIPTION OF TEST PROGRAM
The total program of testing reported in this paper represents four independent series of tests. Two series used the ribbed cross section and two used the I-shaped cross section shown in Fig. 1 . All beams were of normal weight concrete with f of approximately 5000 psi. A brief description of the four different types of beams used is presented below.
Double-Cantilever Ribbed Beams
This series of tests contained four beams which were supported and loaded as shown in Fig. 2 . Between the supports the cross section became a solid diaphragm, simulating the restraint offered by a crossing beam in the pan-joist method of construction. This type specimen acts much like the negative moment region between points of inflection of a continuous beam. The distance from the edge of the diaphragm to the load point varied and is presented in Table II . Different ratios of moment to shear at the face of the diaphragm were produced by adjusting the length of cantilever.
All beams contained two unbonded tendons. Each of these two tendons (one in each rib) was composed of four /4-in. diameter wires. All tendons had the same drape pattern and essentially the same initial 6-6"-I8" H-6-6
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Fig, 2-Loading Arrangement for Ribbed Beams
prestress force. The major variable for this series of tests was the amount of unstressed bonded reinforcement. A complete description of the four double-cantilever beams is presented in Table II .
Continuous Ribbed Beams
This group contained three 31 ft. 10 in. long beams loaded and supported as shown in Fig. 2 . These beams also had a solid diaphragm between the interior supports. The symmetrical loads were applied 6 ft. 6 in. from the edge of the diaphragm for the three beams. All beams contained two tendons, each composed of four 1/4-in, diameter wires. The drape patterns of the tendons were all identical: eccentricity from the bottom fiber was 8 in. at the end, 3ahs in. at the low point 7 ft. 8 in. from the end, and 8 in. at the edge of the diaphragm.
The major variable for this series of tests was the amount of unstressed bonded reinforcement. Table III contains a complete description of "All members contained 6 x 6-No. 10 welded wire mesh in the slab, as shown in Fig. 1 , in addition to the tabulated reinforcement. f, = 58 ksi for all bars and f^ = 70 ksi for No. 10 wire. 
I-Shaped Simple Beams
There were four beams simply supported in this group of specimens, two with 9 ft. spans and two with 12 ft. 6 in. spans The position of the load points for all beams in this series was constant at 18 in. either side of the centerline, as shown in Fig. 3 . These beams retained the same cross section throughout their entire length.
The prestressing reinforcement was again provided by two tendons which were composed of four ^-in. diameter wires. The symmetrical parabolic drape pattern of the top tendon had an eccentricity of 9 3/4 in. from the bottom fiber at the ends and 41/4 in. at the centerline of the beam. The bottom tendon followed a flatter symmetrical drape with the eccentricity from the bottom fiber being only 3% in. at the ends and 2'/4 in. at centerline.
The major variables were the initial amount of prestressing force and the amount of unstressed bonded reinforcement. A complete summary of the properties for this series of beams is given in Table IV .
BEAM WITH LOADED OVERHANG 
I-Shaped Simple Beams with Overhang
This group of four beams spanned 12 ft. with a 3 ft. loaded overhang at one end as shown in Fig. 3 . All beams had the same cross section, tendon profile, and loading arrangement. The beams contained two unbonded tendons, each composed of four 1/4-in. diameter wires. The tendon profile for the centroid of the two tendons (Fig. 3) had an eccentricity at the load point on the overhang of 7/8 in. above the centroid of the concrete I-section. The eccentricity increased to a maximum of 41/8 in. above the centroid of concrete at the support; then begins a reversal until at a point 7 ft. 6 in. from the support a maximum eccentricity of 41/s in. below the centroid of concrete is reached. From this point the eccentricity decreased until at the end of the beam the eccentricity was 7/s in. above the centroid of concrete.
The major variables in this series of tests were the amount of prestress force, amount of web reinforcement, and additional bonded unstressed longitudinal reinforcement. A complete description of this series of beams is given in Table V . 
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DISCUSSION OF RESULTS
The present study was conducted as four series of tests utilizing two different cross-sectional shapes as described above. Some of the significant results from each of the four series will be discussed below before taking an overall look at the conclusions which grew out of the entire study.
Double-Cantilever Ribbed Beams
Flexural failures were observed for each of the four beams in this series. None of these members contained web reinforcement, and the expected test result following the current ACI Code would have been a shear failure. Table VI gives the ratios of observed-to-predicted flexure and shear strengths. Fig. 4 shows the comparative loaddeflection curves for two companion beams in this series. The form of these two curves is representative of all of the ribbed double-cantilever beams. Beam B-2 was essentially identical to Beam B-4 in materials, level of prestress, and loading. Note that the additional bonded deformed bar reinforcement in Beam B-4 increased its moment capacity compared with Beam B-2. The bonded reinforcing steel acting at its yield stress was considered in the prediction of ultimate moment capacity for these beams, but observed flexural strength was consistently more than predicted (Table VIE) . Failure of these members was rather sudden, although some traces of concrete crushing were noted in the ribs prior to collapse. A diagonal tension-type crack formed at collapse, but this appeared to be secondary with flexure as the primary failure mode.
Two-Span Ribbed Beams
The cross section for each of these three beams was identical to that used in the double-cantilever beams (Fig. 1) . Applied loading (Fig. 2) produced both positive and negative peak moments in these indeterminate two-span beams. Ultimate load for flexure was predicted on the basis of simplified limit analysis assuming "plastic hinging" at this computed Mir for each of the two sections where maximum moment occurred. Analysis following the ACI Code shear strength provisions was also made. Only Beam CB-4 contained stirrups and their contribution to ultimate shear strength was considered in the analysis. Fig. 5 shows a comparison of loaddeflection curves for the two companion beams in this series which had no web reinforcement. Beam (Fig. 5 ) and cracks were very well distributed, as shown in Fig. 6 . The higher shear accompanied by the larger moment at the section of peak negative moment produced a shear-compression type of failure which was sudden and complete. The load was 22% above the predicted flexural strength and 92% above the predicted shear strength at failure. Note the reduced ductility for Beam CB-2 in Fig. 5 compared to the companion beam.
DEFLECTION -INCHES
Addition of approximately the minimum amount of web reinforcement under the ACI Code for Beam CB-4 produced a flexural failure with a load-deflection response much like that of Beam CB-1 in Fig.  5 . Analysis would have predicted a shear failure for Beam CB-4 and the ACI Code minimum web reinforcement would not have been computed to be sufficient to produce a flexural failure. In all beams of this series the observed shear strength was underestimated to a larger ex-tent than was the case for flexural strength as indicated by the ratios of Table VI . Fig. 7 shows a comparison of loaddeflection curves for two companion beams in this series of I-shaped simple beam tests. The only difference between the beams was the level of prestress force initially provided for the unbonded tendons. Reducing the prestress force by about one-half between Beam AB-1 and Beam AB-2 greatly changed the strength and behavior. Predicted strength following ACI Code expressions takes into account this difference, but the ratios in Table VI indicate that both flexure and shear strength were still well above the predicted values.
I-Shaped Simple Beams
Failures of both Beam AB-1 and Beam AB-2 was the result of extension of diagonal cracking in the unreinforced thin web of the I-section. The failure was not associated with flexural cracking as is noted in the crack patterns of Fig. 8 . Also note that cracks were quite well distributed.
Only one beam in this series failed in flexure; Beam AB-3 failed at 23% above the predicted ultimate load. All the beams failing in a manner reflecting that shear cracking was a primary part of failure sustained loads well above the predicted shear strength level as is noted in the ratios of Table VI .
I-Shaped Simple Beams with Overhang
The loading (Fig. 3) applied to the four beams of this series produced simulated continuity; but the fact that the moments were determinate meant that no redistribution of moment between positive and negative moment sections could occur. These beams were loaded to produce constant shear over the length of the beam and all four of the beams would have been predicted to fail in shear. As indicated by the observed-to-predicted strength ratios of Table VI, The bonded reinforcement consisted of 7-wire prestressing strands at the failure section of all four beams. Large strains must occur in these initially unstressed strands for their predicted ultimate steel stress to be reached. The larger strains are associated with more severe cracking and, apparently, slightly less reserve strength than would be expected for the deformed bars which were used in the other three series of tests. But the two beams failing in shear (BB-1 and BB-4) carried 48% and 71% more than the predicted load assuming shear failures. Fig. 9 shows a comparison of two load-deflection curves for companion beams BB-2 and BB-3 in this series. The beam with lower initial level of prestress developed first flexural cracking at earlier load. However, the form of the two companion loaddeflection curves was quite similar as was the case with beams having the same cross section loaded as simple spans (Fig. 7) . The predicted flexural strength was realized for both beams, but smaller reserve was noted for Beam BB-2, which had the higher level of initial prestress force.
The indication is clear that use of unstressed bonded strands, together with stressed unbonded tendons can give a very satisfactory member. Fig.  10 shows how well the cracks were distributed in the same two beams Fig. 9 . Ultimate load for Beam BB-2 was higher and more cracking in the web had developed at failure. Beam BB-2 exhibited both types of cracking which the ACI Code attempts to predict: shear cracks in the thin web near the point of inflection and inclined flexural cracks near the points of peak moment.
DEFLECTION -INCHES
CRACK PATTERN OF BEAM BB -3
The variation of web reinforcement within this series resulted in reasonable trends in strength for companion beams. Fig. 11 shows the comparison of load-deflection curves for Beam BB-1 (with no stirrups) and Beam BB-2 (with sufficient stirrups to develop predicted flexural capacity) . The striking change in ductility is clearly noted in the comparison of these two beams which were essentially identical except for the web reinforcement.
CONCLUSIONS
From the overall results of all four series of tests described above, several conclusions can be reached. Two different cross sections and four different patterns of loading utilized in this study would make more valid the consistent trends in results from a very limited series of tests.
1. Combination of stressed, unbonded tendons with unstressed bonded reinforcement produced a very satisfactory structural system from the standpoint of both strength and behavior. • shear strength than in flexural strength. 3. Use of bonded 7-wire strand may give a very adequate structural system; but larger steel strains required to develop the potential strength of the strands may be associated with more severe concrete cracking and less reserve strength than with deformed bar reinforcement. 4. Continuous beams with sufficient strength to prevent shear failure (even if no web reinforcement is used) can develop "plastic hinging" at points of peak moment before reaching ultimate load capacity.
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